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ABSTRACT
Galaxy interaction is considered a key driver of galaxy evolution and star formation (SF) history. In
this paper, we present an empirical picture of the radial extent of interaction-triggered SF along the
merger sequence. The samples under study are drawn from the integral field spectroscopy (IFS) survey
SDSS-IV MaNGA, including 205 star-forming galaxies in pairs/mergers and ∼ 1350 control galaxies.
For each galaxy in pairs, the merger stage is identified according to its morphological signatures: in-
coming phase, at first pericenter passage, at apocenter, in merging phase, and in final coalescence.
The effect of interactions is quantified by the global and spatially resolved SF rate relative to the SF
rate of a control sample selected for each individual galaxy (∆logSFR and ∆logsSFR(r), respectively).
Analysis of the radial ∆logsSFR(r) distributions shows that galaxy interactions have no significant
impact on the ∆logsSFR(r) during the incoming phase. Right after the first pericenter passage, the
radial ∆logsSFR(r) profile decreases steeply from enhanced to suppressed activity for increasing galac-
tocentric radius. Later on, SF is enhanced on a broad spatial scale out to the maximum radius we
explore (∼ 6.7 kpc) and the enhancement is in general centrally peaked. The extended SF enhance-
ment is also observed for systems at their apocenters and in the coalescence phase, suggesting that
interaction-triggered SF is not restricted to the central region of a galaxy. Further explorations of a
wide range in parameter space of merger configurations (e.g., mass ratio) are required to constrain the
whole picture of interaction-triggered SF.
hapan@asiaa.sinica.edu.tw
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1. INTRODUCTION
Galaxy interactions significantly alter the star forma-
tion history of galaxies. It is well established statistically
that the global star formation rate (SFR) increases with
decreasing separation between two approaching galaxies
(Lambas et al. 2003; Li et al. 2008a,b; Scudder et al.
2012; Patton et al. 2013; Knapen et al. 2015; Pan et al.
2018). The enhanced SFR has been attributed to the
formation of non-axisymmetric structures that torque
significant amounts of gas into the central regions, ini-
tiating enhanced (circumnuclear) star formation (e.g.,
Barnes & Hernquist 1991).
Yet there is mounting evidence for a component of
extended star formation in interacting galaxies. The
most famous example of such systems is the Antennae,
which consists of two equal-mass, gas-rich spiral galax-
ies, NGC 4038 and 4039. In the Antennae, the majority
of the star formation is outside the nuclei (Wang et al.
2004). Other examples include Arp 65 (NGC 90/NGC
93; Sengupta et al. 2015), Arp 299 (IC 694/NGC 3690;
Alonso-Herrero et al. 2000), the IC 2163 and NGC 2207
system (Elmegreen et al. 1995a, 2017), NGC 5291 (Bo-
quien et al. 2007), IC 1623, NGC 6090, NGC 2623, and
the Mice system NGC 4676A/4676B (Wild et al. 2014;
Cortijo-Ferrero et al. 2017a,b,c).
Several observations have attempted to measure the
spatial extent of star formation (e.g., Knapen & James
2009; Schmidt et al. 2013; Wild et al. 2014; Barrera-
Ballesteros et al. 2015a; Cortijo-Ferrero et al. 2017a,b,c;
Thorp et al. 2019). Schmidt et al. (2013) analyzed the
spatial extent of star formation in mergers using 60 visu-
ally identified galaxy merger candidates drawn from the
3D-HST survey at z ∼ 1.5. They found that these sys-
tems are often associated with the classic circumnuclear
starburst, but their star formation can also be located
in tidal tails. Barrera-Ballesteros et al. (2015a) used the
information provided by the integral field spectroscopy
(IFS) survey CALIFA (The Calar Alto Legacy Integral
Field Area Survey; Sa´nchez et al. 2012) to carry out the
first statistical study of the impact of the merger event
on the star formation distribution in galaxies. They
found moderate enhancement in the global specific star
formation rate (sSFR = SFR/M∗, where M∗ is global
stellar mass) in the central region of interacting galax-
ies; however, in the outer regions, the sSFR is similar to
that in the control sample. The extended interaction-
triggered star formation is also found in the late stage
mergers (e.g., Boquien et al. 2009, 2010; Thorp et al.
2019). In addition to those apparently interacting galax-
ies and final mergers, McQuinn et al. (2012) and Sacchi
et al. (2018) examined the distribution of star forma-
tion in starburst dwarf galaxies. They found that these
galaxies exhibit both extended and concentrated active
star formation. The widespread star formation might
be triggered by external mechanisms, such as interac-
tions/mergers between gas-rich dwarfs or cold gas ac-
cretion from the intergalactic medium (Noguchi 1988;
Lelli et al. 2014).
Further, evolution of interaction-triggered star forma-
tion distribution has attracted increasing amounts of at-
tention. Ellison et al. (2013) constrained the evolution
of the extent of interaction-triggered star formation us-
ing ∼ 11,000 normal interacting galaxies and final merg-
ers, where the merger stage is indicated by the projected
separation between two galaxies in a system. They com-
pared the SDSS fiber (3′′) SFR and SFR outside of the
fiber (subtracting the fiber SFR from the total SFR de-
rived by the aperture correction). Their results showed
that the pre-coalescence phase of the interaction most
strongly affects central star formation, while the final
merging process increases the SFR on a broader spa-
tial scale. Using CALIFA and Potsdam Multi-Aperture
Spectrometer data for a set of galaxies, Cortijo-Ferrero
et al. (2017a,b,c) also showed that the spatial extent and
the level of interaction-triggered star formation occur in
different time-scales that are connected to the evolution-
ary stage of the merger.
Despite their relevance, these analyses have several
shortcomings. Previous studies often contain too few
galaxies or only apparently interacting galaxies. These
obstacles limit our ability to establish a more general
picture of which phase of the merger process triggers
star formation and where the stars form. Moreover,
many studies have been focused on high-luminosity ma-
jor mergers (mass ratio within a factor of 4). It is
not clear if the result can be generalized to all types
of galaxies in pairs and mergers. Finally, many studies
use the projected separation between two galaxies as a
merger stage indicator, however, projected separation is
not linearly correlated with merger stages as two galax-
ies experience several pericenter passages before the final
merger, as shown in simulations (e.g., Torrey et al. 2012;
Moreno et al. 2015; Bustamante et al. 2018).
In this paper, we present an empirical picture of spa-
tially resolved interaction-triggered SFR as a function of
merger sequence using the IFS data from the MaNGA
Spatially-resolved SFR in Interacting Galaxies 3
survey (Mapping Nearby Galaxies at Apache Point Ob-
servatory; Bundy et al. 2015). We improve upon previ-
ous work by identifying pairs using both spectroscopic
data and galaxy morphology. This allows us to ex-
tend the sample to include widely separated galaxies
in pairs (incoming systems or systems at their apoc-
enter). The unprecedented number of galaxies with
MaNGA data allows for a carefully selected control sam-
ple for each individual galaxy and a quantification of
interaction-triggered star formation. In addition, we de-
sign a scheme for classifying the stage of an interaction
based on the morphological appearance of the system
and thus, do not rely on the nuclear separation.
This paper is organized as follows. In Section 2, we in-
troduce the scheme for merger stage classification. Data
and analysis are presented in Section 3. In Section 4,
we show the dependence of both the integrated and
spatially-resolved star formation rate on the merger se-
quence. The results are discussed in Section 5 and sum-
marized in Section 6. Throughout this paper, we assume
Ωm = 0.3, ΩΛ = 0.7, H0 = 70 km s
−1 Mpc−1.
2. MERGER SEQUENCE
As mentioned earlier, the nuclear separation between
two galaxies does not linearly correlate with merger
stages, therefore, we determine the merger stages via
visual inspections of the gri composite images observed
by the 2.5-m Telescope of the Sloan Digital Sky Survey
(SDSS; Gunn et al. 2006). Interactions between galaxies
are classified according to the following scheme:
• Stage 1 – well-separated pair which do not show
any morphology distortion (i.e., incoming pairs,
before the first pericenter passage),
• Stage 2 – close pairs showing strong signs of inter-
action, such as tails and bridges (i.e., at the first
pericenter passage),
• Stage 3 – well-separated pairs, but showing weak
morphology distortion (i.e., approaching the apoc-
enter or just passing the apocenter),
• Stage 4 – two components strongly overlapping
with each other and show strong morphological
distortion (i.e., final coalescence phase), or single
galaxies with obvious tidal features such as tails
and shells (post-mergers),
Examples of each stage are presented in Figure 1.
The scheme is analogous to the Toomre Sequence
(Toomre 1977; see also Veilleux et al. 2002 and Barrera-
Ballesteros et al. 2015b) and the morphological evolu-
tion of simulated mergers (e.g., Figure 8 in Torrey et
al. 2012 and Figure 2 in Moreno et al. 2015). Although
this stage classification may not reflect the full merging
process, it is useful for a demonstration purpose (more
discussion, see Section 5.4.2).
3. DATA AND ANALYSIS
3.1. MaNGA
MaNGA is part of the fourth generation Sloan Digital
Sky Survey (SDSS-IV; Blanton et al. 2017), and aims to
survey for ∼ 10,000 galaxies with a median redshift (z)
of 0.03 by 2020. The observations are carried out with
integral field units (IFUs) of different sizes, varying in
diameter from 12′′ (19 fibers) to 32′′ (127 fibers). The
IFU sizes and the number density of galaxies on the sky
were designed jointly to allow more efficient use of IFUs
(e.g., to minimize the number of IFUs that are unused
due to a tile with too few galaxies), and to allow us to
observe galaxies in the z range to at least 1.5 effective
radii (Re), where Re is the radius containing 50% of the
light of the galaxy measured at r-band. The fibers are
fed into the dual beam BOSS spectrographs (Smee et
al. 2013), covering the wavelength range from 3600A˚ to
10300 A˚. The spectral resolutions vary from R ∼ 1400
at 4000 A˚ to R∼ 2600 around 9000 A˚ (Drory et al. 2015;
Yan et al. 2016a,b). The point spread function (PSF) is
∼ 2.5′′, corresponding to 1.8 kpc at the median redshift
of the current MaNGA sample (0.036). For more detail
on the MaNGA setup, we refer the reader to Drory et
al. (2015) for the IFU fiber feed system, to Wake et
al. (2017) for the sample selection, to Law et al. (2015)
for the observing strategy, and to Law et al. (2016) and
Westfall et al. (2019) for the MaNGA data reduction and
data analysis pipelines, respectively. We select galaxies
from a sample of 4691 galaxies observed by MaNGA
within the first ∼ 4 years of operation, corresponding to
the SDSS data release 15 (Aguado et al. 2018).
3.2. Local M∗ and SFR Measurements
The reduced MaNGA datacubes are analyzed using
the Pipe3D pipeline to extract the physical parameters
from each of the spaxels of each galaxy (Sa´nchez et al.
2016a,b, 2018). Each spaxel has an area of 0.5′′ × 0.5′′.
Pipe3D fits the continuum with stellar population mod-
els and measures the nebular emission lines. Here we
briefly describe the procedures.
The stellar continuum is modeled using a simple-
stellar-population (SSP) library with 156 SSPs, com-
prising 39 ages and 4 metallicities (Cid Fernandes et al.
2013). Before the fitting, spatial binning is performed
to reach a signal-to-noise ratio (S/N) goal of 50 across
the field of view. Then the stellar population fitting was
applied to the coadded spectra within each spatial bin.
4 Pan et al.
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Figure 1. Examples of galaxies in pairs and mergers at different merger stages (§2). In the upper panels, the red hexagons
show the coverage of the MaNGA IFU. The companions are indicated by arrows. Panel (a)–(c) preset the examples of Stage 1
to 3, respectively. The lower panels present the diverse morphology of galaxies at the (post-)coalescence phase (Stage 4). Panel
(d) and (e) are Stage 4(2) (double nuclei), panel (f) is Stage 4(1) (single nucleus). In the main text, we refer the stages as S1 –
S3, and S4(2) and S4(1), respectively. The linear scale of the image is indicated in the upper-left corner of each panel.
Finally, the stellar population model for spaxels with
continuum S/N > 3 is derived by re-scaling the best fit-
ted model within each spatial bin to the continuum flux
intensity in the corresponding spaxel. The stellar mass
is obtained using the stellar populations derived for each
spaxel, then normalized to the physical area of a spaxel
to get the surface density (Σ∗) in M kpc−2.
Then the stellar-population models are subtracted
from the data cube to create an emission line cube.
SFR is derived using Hα. Since Hα may be powered by
various sources (e.g., star formation, evolved stars, and
AGNs), we use excitation diagnostic diagrams (Bald-
win et al. 1981; Kewley et al. 2001; Kauffmann et al.
2003; Cid Fernandes et al. 2013) and an Hα equivalent
width cut of > 6 A˚ (Sa´nchez et al. 2014) to pick up star-
forming regions (for more discussions on the equivalent
width of Hα and the nature of the line emitting gas, see
Lacerda et al. 2018). To this end, we limit the analysis
to spaxels with S/N > 3 for Hα, Hβ, [O III] and [N II].
Only star-forming spaxels are used for the analysis of
this work. We will restricted our objects to star-forming
galaxies (§3.3), whose Hα emission are dominated by
star-forming regions (Pan et al. 2018). Therefore ∼ 93%
of spaxels in our sample galaxies are star-forming spax-
els. The method described in Vogt et al. (2013) is used
to compute the reddening using the Balmer decrement
at each spaxel. The extinction-corrected Hα luminosity
is converted into SFR surface density (ΣSFR in M yr−1
kpc−2) using the calibration from Kennicutt (1998). In-
clination correction is applied to Σ∗ and ΣSFR of all
spaxels of a galaxy equally.
3.3. Global M∗ and SFR Measurements
The global stellar mass (M∗) is taken from the
MPA/JHU catalog1, where M∗ is estimated by fit-
ting stellar population models from Bruzual & Char-
lot (2003) to the ugriz SDSS photometry, following the
method of Kauffmann et al. (2003) (see Garc´ıa-Benito
et al. (2019) for more discussions on the radial structure
of the mass-to-light ratio). The M∗ have been found
to agree with other estimates (e.g., Taylor et al. 2011;
Mendel et al. 2014; Chang et al. 2015). To be consis-
tent with previous studies of SDSS pairs (e.g., Scudder
et al. 2012; Patton et al. 2013; Ellison et al. 2013), this
work focuses on the galaxies in systems with M∗ ratio
less than 10 (from 1:10 to 10:1). In principle, the to-
tal M∗ can also be computed for the MaNGA sample
by integrating across all the spaxels in the IFU (e.g.,
1 https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
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Cano-Dı´az et al. 2016; Sa´nchez et al. 2018). However,
as more than 90% of the companions are not observed
in MaNGA, we cannot estimate the M∗ ratio from the
MaNGA data alone. For this reason, the M∗ from the
MPA/JHU catalog is adopted. The MPA/JHU catalog
assumes a Kroupa IMF (Kroupa 2001), while Pipe3D
adopts a Salpeter IMF. So in order to convert M∗ from
a Kroupa IMF to a Salpeter IMF, 0.2 dex have to be
added to the M∗, which corresponds to a factor of 1.6.
After applying the conversion factor, the mean difference
between the MPA/JHU and integrated MaNGA M∗ is
0.015 dex.
To fairly compare the results of global and local SFR,
the star formation per spaxel from MaNGA are coadded
to derive the global SFR of the galaxies (Sa´nchez et al.
2018). The MPA/JHU catalog also provides the global
SFR measurements. The mean difference between the
MPA/JHU SFR (after IMF conversion) and integrated
Pipe3D SFR is somewhat larger, 0.17 dex, consistent
with comparisons in other papers (e.g., Ellison et al.
2018; Spindler et al. 2018). The significant difference in
the two SFRs is most likely due to the use of the aper-
ture correction to the 3′′ fibers in SDSS missing star
formation which is present in the MaNGA IFUs. To
avoid any uncertainties associated with aperture correc-
tion (e.g., Richards et al. 2016; Spindler et al. 2018) and
to be consistent with the value of local SFR, we use the
integrated MaNGA SFR in this work.
Galaxies that are quenching or quenched are removed
from this work. A criterion of log(sSFR/yr−1) > -11 is
applied to select star-forming galaxies, where the specific
SFR (sSFR) is defined as SFR/M∗. Varying the crite-
ria between log(sSFR/yr−1) = -11.0 and -10.5 will not
change our main conclusions, but the number of galax-
ies in pairs would be reduced by ∼ 20%. We emphasize
that we do not require our sample galaxies to have star-
forming companions. We include star-forming galaxies
interacting with an early-type galaxy, for instance. The
dependence of interaction-triggered star formation on
mass ratio and properties of companion will be discussed
in a separate paper.
Finally, it is worth noting that the star formation rate
in this work is calculated by Hα luminosity, tracing the
ongoing star formation (< 100 Myr), while the extension
and enhancement of star formation can occur in different
time-scales. We refer the reader to Pan et al. (2015) and
Davies et al. (2015) for the comparisons of interaction-
triggered SFRs using observational tracers which probe
different star formation time-scales and Cortijo-Ferrero
et al. (2017a,b,c) for the constraints onto interaction-
triggered star formation history using population syn-
thesis.
3.4. Identifying Galaxies in Pairs and Mergers in
MaNGA
3.4.1. Projected Separation and Velocity Difference
The galaxies in pairs or mergers (p/m) are defined as
galaxies with a spectroscopic companion2. The parent
sample is made up of 641,409 nearby galaxies from the
NSA, primarily based on the SDSS DR7 main galaxy
sample (Abazajian et al. 2009) , but incorporating data
from additional sources. NSA is also the parent catalog
for target selection for MaNGA (Wake et al. 2017).
Galaxies in pairs must have a companion at a pro-
jected separation < 50 kpc h−1 (or 71.4 kpc) and a line-
of-sight velocity difference < 500 km s−1 (e.g., Patton
et al. 2002; Lin et al. 2004). This results in a sample of
34,478 galaxies in pairs or multiples. If several compan-
ions are found for a given galaxy, the companion with
the smallest separation is selected. Then we cross match
the NSA galaxies in pairs and the 4,691 MaNGA galax-
ies, yielding a sample of 682 galaxies in pairs. We note
that in more than 90% of the cases, only one of the two
components of a galaxy pair is observed by MaNGA.
Applying the mass ratio and sSFR selections (Section
3.3), the number of galaxies in pairs become 109, in-
cluding 38 in Stage 1, 10 in Stage 2, 58 in Stage 3, and
3 in Stage 4.
3.4.2. Morphology
One caveat to the identification of galaxies in p/m
by the projected separation and velocity difference is
that if the two components are too close (i.e., Stage 2
and Stage 4) to be de-blended by SDSS or do not have
two separate spectroscopic redshifts, they will be missed
in the spectroscopic determination. Another caveat is
that post-mergers (i.e., single galaxies) are missed by
the selection criteria.
We visually inspect the SDSS gri composite images
of all MaNGA galaxies and recover these closest inter-
action systems. The number of Stage 2 and Stage 4
galaxies then increases to 24 and 85, respectively. It
should be noted that the galaxies in Stage 2 may span
a narrower mass ratio range compared to other stages
because in principle similar-M∗ interaction can generate
stronger signs of tidal features. However, it is impossible
to obtain the mass ratio of galaxies at Stage 4 without
modeling the properties of progenitors. Besides, one has
to keep in mind that a larger diversity of morphologies
is observed for galaxies at Stage 4 compared to other
2 The field of view of MaNGA observations can only cover one
galaxy in an interacting system except for some very close pairs
of galaxies and galaxies in the coalescence phase. Therefore we
refer to the samples as galaxies in pairs or mergers.
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stages, such as double nuclei with tidal features (Fig-
ure 1(d) and (e)) and single nuclei with shell structures
(1(f)). Of the 85 galaxies in Stage 4, 13 and 72 show
double nuclei and single nucleus, respectively.
3.4.3. Summary of the Sample of Galaxies in P/M
The sample for this paper comprises 205 galaxies in
p/m. Of these, 53% are selected based on the spec-
troscopic data (Section 3.4.1) and 47% based on their
morphology (Section 3.4.2). For the galaxies with spec-
troscopic companions, ∼ 57% are primary galaxies (the
higher M∗ one in a pair), while ∼ 43% are secondary
galaxies. The fraction (and number) of galaxies in Stage
1 – Stage 4 are 19%(38), 12%(24), 28%(58), and 41%
(85), respectively. Of the galaxies in Stage 4, 15%(13)
of them have visually double nuclei, while 85%(72) have
one. Hereafter, we refer to Stage 1 – 4 as S1 – S4, re-
spectively. For S4, we use S4(2) and S4(1) to represent
the sub-categories for double nuclei and single nucleus,
respectively.
The small numbers of S2 and S4(2) in our sample are
presumably due to the short time-scale during which
the galaxies exhibit the features to be identified as S2
and S4(2). The two nuclei are separated by a few to
several kpc in these galaxies. According to simulations,
the duration of such phases are several to tens of times
shorter than other stages (e.g., Torrey et al. 2012; Ji et
al. 2014).
3.5. Control Sample of Isolated Galaxies
We define a control sample to quantify the effect of
interactions. To construct a reliable control sample, in
addition to the spectroscopic determination, we also use
the “P-merger” parameter from Galaxy Zoo to remove
potential interacting galaxies through their morphology
(Darg et al. 2010a,b). P-merger quantifies the probabil-
ity that an object is a merger. The value ranges from
0, an object looks nothing like a merger, to 1, an ob-
ject looks unmistakably so. The control galaxies should
have no spectroscopic companion, and P-merger = 0,
and log(sSFR/yr−1) > 11. A total of 1348 MaNGA star-
forming galaxies are selected as control galaxies. This
pool of control galaxies will be used to select the control
galaxies for a given galaxy (§3.6).
The z and Re distributions (from NSA) of galaxies in
p/m and controls are shown in Figure 2(a) and (b), along
with M∗, SFR, Σ∗, and ΣH2 in panel (c) – (f), respec-
tively. The galaxies in p/m and controls are represented
by the hatched and solid histograms, respectively. The
distributions show good overall similarity between the
galaxies in p/m and control galaxies.
Figure 2. Distributions of galaxy global and spatially-
resolved properties: (a) spectroscopic redshift (z), (b) effec-
tive radius measured at r-band (Re), (c) global stellar mass
(M∗) taken from the MPA/JHU catalog (§3.3), (d) global
star formation rate (SFR) taken from MaNGA (§3.3), (e)
spaxel-wide stellar mass surface density (Σ∗; §3.2), and (f)
spaxel-wide star formation rate surface density (ΣSFR; §3.2).
Filled and hatched histograms indicate the galaxies in the
control pool and galaxies in pairs and mergers, respectively.
3.6. Quantification of Interaction-triggered Star
Formation
In order to fairly compare the properties of the galax-
ies in p/m and controls, we compute “offset” quantities.
Our approach follows closely that of Ellison et al. (2018)
for the analysis of the spatially-resolved main sequence.
The offset values are computed for both control galaxies
and galaxies in p/m. The distribution of the offset val-
ues of controls is useful to give an idea of the intrinsic
scatter of the offset values.
3.6.1. Global SFR Offset: ∆logSFR
Each galaxy is matched in z, M∗, and Re with a min-
imum of three control galaxies from the pool of controls
(§3.5). We allow shared control galaxies for different
galaxies. The initial tolerance of z, M∗, and Re are
0.005, 0.1 dex and 20%, respectively. The criteria are
allowed to grow by 0.005, 0.1 dex, and 5%, respectively,
until the minimum required number of control galaxies
is reached. In practice, ∼ 90% of galaxies are success-
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fully matched to at least three controls without the need
to grow the tolerances. Around 9% of galaxies require
only one growth step in order to reach the requirement of
three matched controls. The remaining galaxies can find
sufficient controls in the third or fourth growth steps.
In general, the number of matched controls exceeds the
minimum requirement of three, with an average of 10
matches per galaxy. The “offset” of global SFR in log-
arithm scale (∆logSFR) is defined as,
∆logSFR = logSFR− log median(SFRcontrols), (1)
where logSFR is the SFR of the galaxy in question and
log median(SFRcontrols) is the median SFR of its control
galaxies in logarithm scale. The ∆logSFR is calculated
for both the galaxies in p/m and for all controls. We
should emphasize that as this is taken in the logarithm
form, it really is a ratio of a value of the galaxy in ques-
tion against the median value of its controls. A positive
offset represents an enhancement of global SFR with re-
spect to the controls, and vice versa.
3.6.2. Local sSFR Offset: Radial ∆logsSFR(r)
Distribution
For each galaxy, we calculate the “offset” of the radial
sSFR distribution with respect to its controls selected in
Section 3.6.1 (i.e., according to the global galaxy prop-
erties) using the derived Σ∗ and ΣSFR. For each galaxy,
we first calculate its own de-projected radial logsSFR(r)
distribution with a radial bin of 0.15Re. Then the radial
∆logsSFR(r) distribution of the galaxy in question is
computed by subtracting the median radial logsSFR(r)
distribution of its controls from its own logsSFR(r) dis-
tribution. Specifically, at each radial bin r:
∆logsSFR(r) = logsSFR(r)−log median(sSFR(r)controls),
(2)
where logsSFR(r) represents the logarithm of local sSFR
of the galaxy in question and log median(sSFR(r)controls)
is the median local sSFR of control galaxies in logarithm
form. We express the galactocentric distance in units of
Re to allow to produce median profiles from the con-
trol galaxies. The radial distribution are computed out
to 1.5 Re because the radial coverage of MaNGA fiber
bundles is ≥ 1.5 Re. As for the global ∆logSFR, the
radial ∆logsSFR(r) distribution is calculated for both
galaxies in p/m and controls.
4. RESULTS
4.1. Global SFR Properties
To compare with the literature, we first show the re-
sults of global star formation properties in our sample.
Figure 3(a) compares the ∆logSFR distribution of the
whole sample of galaxies in p/m (hatched histogram)
and the galaxies in the control pool (solid histogram).
The distribution of the control sample peaks at zero
(with a median value of -0.007 dex), confirming that
the approach we have taken to calculate the ∆logSFR
is valid. The width of the distribution of the controls
indicates the intrinsic spread of ∆logSFR; the standard
deviation of the ∆logSFR values is 0.34 dex.
The distribution of the controls is symmetric, whereas
the distribution of galaxies in p/m is skewed towards
larger values of ∆logSFR. For the whole data set of
galaxies in p/m we obtain a ∆logSFR standard devia-
tion of 0.44 dex. While the distributions indicate higher
∆logSFR values for galaxies in p/m than for those in the
control pool, statistically, the SFR only increases by a
limited factor. The median ∆logSFR for galaxies in p/m
is 0.21 ± 0.03 dex (around × 1.6), where the error bar is
the standard error of the mean. Various observational
studies also find a rather limited increase in the SFR
during galaxy interactions (e.g., Lin et al. 2007; Knapen
& James 2009; Scudder et al. 2012; Ellison et al. 2013;
Knapen et al. 2015; Pan et al. 2018). The factor of ∼ 1.6
increment in the SFR is the average value for galaxies
at any instant of the merging process, so it likely indi-
cates that peak SFR values are higher than this. In the
next section, we examine the ∆logSFR values along the
merger sequence.
4.1.1. ∆logSFR versus Merger Stage
The ∆logSFR values as a function of merger stage is
illustrated in Figure 3(b), where the whole sample of
control galaxies in the p/m sample is plotted as well
for reference. The boxplots represent the distribution of
the ∆logSFR values for different categories of galaxies.
In each boxplot, the median is indicated by the solid
squares in the middle. The ends of the box are the upper
and lower quartiles (the interquartile range, IQR), 50%
of the sample is located inside the box. The two whiskers
(vertical lines) outside the box extend to 1.5 × IQR.
Boxplots from left to right represent the distribution for
the galaxies in the control pool, all the galaxies in p/m,
and S1 – 4(2), respectively.
Although the individual galaxies span a wide range of
∆logSFR, the median ∆logSFRs for each of the differ-
ent stages are still packed in a relatively narrow range
of values. The median ∆logSFR are -0.04 ± 0.06 dex
for S1 (× 0.91), 0.24 ± 0.10 dex for S2 (× 1.73), 0.25 ±
0.07 dex for S3 (× 1.77), 0.04 ± 0.09 dex for S4(2) (×
1.09), and 0.37 ± 0.05 dex for S4(1) (× 2.34). During
the incoming phase, the reported SFRs are statistically
indistinguishable from those of the control sample. Then
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the median SFR increases since the first passage (S2 –
S3 ). The median SFR in the merging phase (S4(2)) is
not significantly enhanced, which is somewhat surpris-
ing. It could be the result of supernova feedback trig-
gered during the enhanced SFR of the previous phases
that quench the star formation activity during this pe-
riod. But, due to low number statistics and the large
spread in the values, nothing conclusive can be said in
this respect for this specific stage. Finally, the median
SFR peaks at the coalescence phase, although it is only
by a factor of ∼ 2.3. Our results are comparable to those
reported by Knapen et al. (2015), who also quantify the
global SFR variation as a function of morphologically
defined interaction class using the data from the S4G
survey (see their Figure 4).
4.1.2. ∆logSFR versus the Projected Separation
The projected separation (rp) between two galaxies in
a pair is the most accessible and widely used indicator of
the stage of an interaction. This indicator has been used
to understand the role of galaxy interaction in triggering
star formation (Lambas et al. 2003; Li et al. 2008a,b;
Scudder et al. 2012; Ellison et al. 2013; Patel et al. 2013;
Davies et al. 2015; Pan et al. 2018) and AGNs (Alonso
et al. 2007; Li et al. 2008b; Koss et al. 2012; Ellison et
al. 2013; Gordon et al. 2017) as well as in altering the
cold gas properties (Combes et al. 1994; Gao & Solomon
1999; Scudder et al. 2015; Ellison et al. 2018; Pan et al.
2018), metallicity (Michel-Dansac et al. 2008; Scudder
et al. 2012; Guo et al. 2016), and morphology (Casteels
et al. 2013) of galaxies. In this section, we revisit the
relation between ∆logSFR and rp by considering the
merger stages.
The calculated ∆logSFR values are plotted against rp
in the left panel of Figure 4. In this plot, galaxies in
pairs are classified as those with (blue diamonds) and
without (red circle) morphological distortions; the for-
mer category consists of galaxies at S2 and S3, while
the latter are S1 objects. Galaxies in the coalescence
phase (S4 ) are plotted at rp = 0 kpc. The blue dashed
and red solid lines represent the median ∆logSFR of
galaxies with and without morphological distortion per
rp bin, respectively. The large squares and hexagon in-
dicate the median ∆logSFR per rp of all of the galaxies
in pairs (S1 – S3 ) and in the coalescence phase (S4 ),
respectively.
The most important result from Figure 4 is that the
galaxies with morphological distortion (S2 – S4 ) tend
to be found in the positive regime. This can evidently
be seen in the histogram of ∆logSFR in the right panel
(blue dashed and green dotted histograms). Moreover,
both galaxies in pairs with (S2 and S3 ) and without
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Figure 3. (a) Distributions of ∆logSFR for galaxies in p/m
(hatched histogram) and controls (solid histogram). The ver-
tical dashed line indicate zero enhancement. (b) Boxplots
showing distribution of ∆logSFR values for different cate-
gories of galaxies. In each boxplot, the median is indicated
by the solid squares in the middle. The ends of the box
are the upper and lower quartiles (the interquartile range,
IQR), 50% of the sample is located inside the box. The two
whiskers (vertical lines) outside the box extend to 1.5 × IQR.
Boxplots from left to right represent the distribution for the
galaxies in the control pool, all galaxies in p/m, and S1 –
4(2), respectively.
(S1 ) morphological distortion clearly span a wide range
in rp. As a result, the median ∆logSFR of galaxies with
morphological distortion (blue line) lies above the line
of galaxies without morphological distortion (blue line)
at almost all rp. Combining these two distinct trends
yields a relation very similar (in terms of both profile and
values of ∆logSFR) to the well-known ∆logSFR versus
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rp relation seen in larger samples (e.g., Scudder et al.
2012; Ellison et al. 2013), with an increase in ∆logSFR
at the smallest separations. The figure also suggests that
the nuclear separation between two galaxies in a pair
should be used with caution as it does not vary linearly
along the merger sequence. The statistical results based
on rp may depend on the number of galaxies in each
stages.
4.2. Spatially resolved ∆logsSFR(r)
We first compare the local sSFR of galaxies in p/m
and the controls by means of their spaxel-by-spaxel dis-
tributions. This is shown in Figure 5(a), where the dis-
tribution of the local ∆logsSFR of the galaxies in p/m
is shown by hatched histogram and that of the galax-
ies in the control pool by solid histogram. Again, the
distribution of controls indicates the intrinsic scatter of
∆logsSFR. As is clearly seen in the plot, galaxies in p/m
have higher ∆logsSFR than the controls. The standard
deviation of the ∆logsSFR values is 0.37 dex for the
galaxies in the control pool and 0.44 dex for the galax-
ies in p/m. The median ∆logsSFR of galaxies in p/m
and controls are 0.14 dex and 0.01 dex, respectively.
Turning now to the radial distribution of
∆logsSFR(r), Figure 5(b) shows the median radial
distribution of the ∆logsSFR(r) for the galaxies in p/m
(red) and galaxies in the control pool (gray). The
shaded regions represent the error on the mean. The
horizontal dashed line indicates zero enhancement. As
might reasonably be expected, galaxies from the con-
trol pool exhibit a flat ∆logsSFR(r) profile around
zero, confirming once more that the method we have
taken to compute the ∆logsSFR(r) is valid. In con-
trast, the radial distribution for galaxies in p/m reaches
∆logsSFR(r) of ∼ 0.3 dex in the centers, then decreases
radially to a value of ∼ 0.1 dex at the edge of the radius
we explore. The profile suggests that, when consider-
ing all the merger populations as a whole, local sSFR
is enhanced not only in the central region but also in
the disk during galaxy interactions, in agreement with
recent simulations (e.g., Teyssier et al. 2010; Perez et al.
2011; Hopkins et al. 2013; Powell et al. 2013; Renaud
et al. 2015, 2016; Sillero et al. 2017) and observations
(e.g., Barrera-Ballesteros et al. 2015a; Cortijo-Ferrero
et al. 2017c).
To gain more insight on when the enhanced local sSFR
is actually taking place during galaxy interactions, we
construct the radial ∆logsSFR(r) distributions for dif-
ferent merger stages. We first estimate the systematic
variation of ∆logsSFR(r) for different merger stages in
Figure 5(c) (note that the range of y-axis of this figure
is narrower than other panels) by computing the median
radial ∆logsSFR(r) distributions of the control galaxies
that have been used for individual stages. The system-
atic variations are in the range of ± 0.05 dex. Figure
5(d) presents the distributions of radial ∆logsSFR(r) for
different merger stages. Although the systematic varia-
tions in Figure 5(c) have been subtracted from this plot,
two dotted lines at ± 0.05 dex are plotted to indicate
the impact of intrinsic signatures in the control sam-
ple. At S1, the radial ∆logsSFR(r) distribution has a
relatively flat profile within ± 0.1 dex, suggesting that
galaxy interactions have almost no impact on star forma-
tion during the incoming phase. At the first pericenter
passage (S2 ), the ∆logsSFR(r) distribution presents a
relatively steep profile that is not seen in other stages.
The ∆logsSFR(r) decreases from ∼ 0.6 dex at the inner-
most region to ∼ -0.15 dex at 1.5 Re. Later on, extended
star formation enhancements are observed at all stages
after the first pericenter passage (S3, S4(2), and S4(1)),
but the magnitudes and the profiles are somewhat dif-
ferent among these stages. At S3 and S4(1), overall,
∆logsSFR(r) values increase radially inward. In spite of
the similar trend of variation, the median ∆logsSFR(r)
profile of galaxies at S4(1) lies above that of galaxies
at S3 at all radii by ∼ 0.1 – 0.2 dex. Moving to S4(2)
galaxies, we see that the profile shows no obvious ra-
dial dependence, fluctuating between ∼ 0.2 and 0.6 dex.
This fluctuating behavior is presumably related to their
chaotic morphologies (Figure 1(d)(e)).
We have checked whether the radial ∆logsSFR(r) dis-
tributions depend on redshift; for instance, at higher z,
because of the resolution, profiles may tend to appear
flatter than at lower z. This is done by reproducing
Figure 5(d) but now using galaxies with z < 0.03 (mean
z of our sample) and z > 0.03, separately. All of the
observed features in Figure 5(d) are clearly present in
the sub-sample plots. Therefore, we stress that redshift
(resolution) has negligible effect on our conclusions.
In summary, we find that (1) the highest, interaction-
triggered star formation, in both the global and the
local sense, occurs in the S4(1), where the nuclei of
two galaxies have merged, (2) while the values of global
∆logSFR for each of the different stages are not dramat-
ically different (Figure 3(b)), diverse variations in radial
∆logsSFR(r) profile are observed along the merger se-
quence, and (3) interaction-triggered star formation is
not restricted to the central region of a galaxy.
5. DISCUSSION
5.1. Evolutionary Scheme
Our results demonstrate that galaxy interactions trig-
ger centrally peaked star formation since the first
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Figure 4. Left: Offset global SFR (∆logSFR) for galaxies in p/m as a function of projected separation (rp). Red circles
represent galaxies in pairs which show no morphological distortion (i.e., Stage 1). Blue diamond are galaxies in pairs which
show morphological distortion (Stage 2 and 3). The galaxies in Stage 4 are shown as green pentagons, and are placed at rp =
0. The blue dashed and red solid lines represent the median ∆logSFR of galaxies with and without morphological distortion
per rp, respectively. The shaded areas correspond to the standard error of the mean. The large gray squares and green hexagon
indicate the median ∆logSFR of galaxies in pairs (Stage 1 – Stage 3) and in the coalescence phase (Stage 4), respectively.
Error bars are standard error of the mean. The horizontal dashed line indicates the zero line. Right: Normalized ∆logSFR
distributions for galaxies in different merger stages. The solid, long dashed, and short dashed line represent galaxies in Stage 1,
Stage 2&3, and Stage 4, respectively.
pericenter passage (S2 ) and extended star formation
throughout the interaction phase until the final post-
coelescence (S3 –S4 ). Our results are in global agree-
ment with recent numerical simulations (Perez et al.
2011; Sillero et al. 2017) and results based on single-
fiber SDSS measurements (Ellison et al. 2013). Here
we discuss the possible origin of the varying radial
∆logsSFR(r) profiles among the merger stages.
Galaxy interactions can cause gas that has previously
settled in the outskirts to be funneled towards the cen-
tral region, resulting in an enhancement of star forma-
tion in this region (Barnes & Hernquist 1991). Our re-
sults imply that such gas inflows become efficient at the
first pericenter passage (S2 ), which is consistent with
many simulations. The boost of gas inflow rate can
trigger the steep radial distribution of ∆logsSFR(r) and
significant enhancement of star formation in the central
regions (e.g., Moreno et al. 2015). For equal-mass gas-
rich disk-disk interactions, the average gas inflow rate is
∼ 2 M yr−1 over ∼ 200 Myr (Torrey et al. 2012), and
the mass that is expected to be deposited into the inner
region between the first passage to the coalescence phase
(i.e., S2 and S3 ) is therefore ∼ 4 × 108 M, accounting
for ∼ 20% of the gas for a Milky Way-like galaxy (note
that the adopted time duration of gas inflow is shorter
than the time between the first pericenter passage and
the coalescence phase because the inflow rate decreases
rapidly after the first apocenter passage). Therefore, al-
though galaxy interaction drives gas inwards, the galac-
tic disk still contains a significant amount of gas.
After the first passage, star formation is enhanced
within both the inner regions and at larger galactocen-
tric radii. Several possible mechanisms may contribute
to the extended star formation. First of all, part of the
extended star formation activity could be fed by gas ac-
cretion from the companion after the pericenter, but the
level of enhancement depends on several factors such as
geometry and gas fraction (Perez et al. 2011; Sillero et
al. 2017). Secondly, recent simulations show that the
outer regions of interacting systems receives a signifi-
cant fraction of gas coming from the inner regions of
the disks as the arms get opened and distorted by tides
(Perez et al. 2011). This gas subsequently feeds the star
formation in the outer regions.
Furthermore, the extended star formation activity
could be attributed to the change of the properties of the
existing gas. Galaxy interactions produce convergent
flows and shocks throughout the galaxy (Teyssier et al.
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Figure 5. (a) Distribution of spaxel-wise ∆logsSFR of the galaxies in p/m (hatched histogram) and the pool of control galaxies
(solid histogram). The vertical line indicates the zero line. (b) Radial ∆logsSFR(r) of the galaxies in p/m (red) and the pool
of control galaxies (gray). The horizontal line indicates the zero line. The shaded areas correspond to the standard error of
the mean. (c) Median ∆logsSFR(r) profiles of the controls being selected for Stage 1 (red), Stage 2 (yellow), Stage 3 (blue),
Stage 4(2) (green), and Stage 1(1) (purple). The plot indicates the systematic variations of ∆logsSFR(r) profiles of galaxies in
p/m (note that the range of y-axis of this figure is narrower than other panels). (d) Radial ∆logsSFR(r) of galaxies in p/m
in different merger stage. Red, yellow, blue, green, and purple lines represent Stages 1, 2, 3, 4(2), and 4(1) respectively. The
shaded areas represent the standard error of the mean. Two dotted lines at ± 0.05 dex are plotted to indicate the impact of
intrinsic signatures in the control sample. The systematic variations (panel c) have been subtracted from the radial profiles.
2010; Powell et al. 2013). These flows and shocks can al-
ter gas in two manners. One is that the flows and shocks
induce phase transitions (e.g., HI → H2; Moreno et al.
2019) throughout the galaxy. Indeed, a number of ob-
servations have found such an increase in the molecular
gas fraction in galaxies in p/m compared to the isolated
galaxies (Violino et al. 2018; Pan et al. 2018; Sargent et
al. in prep.). The other possibility is that the gas tur-
bulence increases through the flows and shocks, so that
gas clouds become more massive and denser than in iso-
lated galaxies, and the free-fall time becomes shorter.
In this case, mergers can convert gas into stars faster
than isolated galaxies with similar gas surface densities,
i.e. higher star formation efficiency. This scenario is
consistent with the observational facts that interacting
galaxies show higher molecular cloud mass, higher ve-
locity dispersion of gas, and higher star formation effi-
ciency compared to galaxies in isolation (e.g., Elmegreen
et al. 1995a,b; Wilson et al. 2003; Elmegreen et al. 2000;
Struck et al. 2005; Herrera et al. 2011; Hughes et al.
2013; Michiyama et al. 2016). Finally, the first peri-
center passage can trigger the formation of spiral arms
and large-scale filament structures, where gas can be ef-
ficiently compressed to form stars in the disk regions
(e.g., Elmegreen et al. 2006; Pettitt et al. 2017; Espada
et al. 2018).
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In any case, it is worth pointing out that while most
existing simulations and observations of galaxy inter-
actions, in particular those studying the spatial extent
of interaction-triggered star formation activity, focus on
major mergers, our analysis, which consists of a wide
range of mass ratios, also suggests the existence of ex-
tended interaction-triggered star formation. Therefore,
extended star formation is probably not restricted to
equal-mass systems like the Antennae.
While a proposed star formation quenching mecha-
nism is galaxy mergers, the permanent star formation
quenching that might be expected to result from merg-
ers has not occurred throughout the four merger phases
that we explore (see also Thorp et al. 2019). Sparre, &
Springel (2017) investigated how morphological trans-
formations and quenching occur in galaxy mergers us-
ing cosmological simulations. They found that star for-
mation of post-mergers (merger remnants) is not neces-
sarily quenched unless the AGN feedback is sufficiently
strong (see also Sa´nchez et al. 2018). Alternatively, both
major and minor post-mergers can potentially have star-
forming disks if there is enough gas available at the coa-
lescence phase (Kauffmann et al. 1993; Robertson et al.
2006). This is supported by observations of the cold gas
(disks) in post-mergers (Ueda et al. 2014; Ellison et al.
2015).
5.2. Comparison with Previous Studies
Barrera-Ballesteros et al. (2015a) carried out the first
statistical study of the impact of the merger event on the
spatial star formation distribution using 103 galaxies in
p/m and 80 controls from the CALIFA IFS survey. They
found a moderate enhancement in the sSFR (× 2 – 3) in
the central region of galaxies in p/m (see also Scudder
et al. 2012 and Ellison et al. 2013 for moderate central
SFR triggering). We find a similar value for our sample
(Figure 5(b)). In Barrera-Ballesteros et al. (2015a), the
sSFR is similar to or moderately suppressed in compar-
ison to the control sample in the outer regions, while we
obtain a higher level of 0.1 – 0.2 dex (Figure 5(b)). This
discrepancy could originate from a different sample se-
lection, e.g., Barrera-Ballesteros et al. (2015a) adopted
a much wider separation criterion than this work (∼160
kpc versus ∼71 kpc), and therefore their sample poten-
tially contains more galaxies with lower level of triggered
star formation. In spite of the different sample selection
criteria, both studies have led to a fairly similar un-
derstanding that galaxy interactions have larger impact
on central star formation than on disk star formation.
This concept was indirectly probed through single-fiber
observations by Ellison et al. (2013), and has now been
directly established by the IFS surveys.
Our results show that interaction-triggered star for-
mation is more concentrated in the inner part of the
systems at the first pericenter passage (S2 ); but in later
stages, the interaction-triggered star formation is more
extended (S3 – S4 ). The scenario is in broad agree-
ment with the results obtained previously by Ellison et
al. (2013). However, by analyzing IFS data of three
luminous infrared galaxy (LIRG; LIR > 10
11 L) merg-
ers from the CALIFA survey, an opposite trend was re-
ported by Cortijo-Ferrero et al. (2017c). Nonetheless,
it is interesting to note that the non-LIRG system (the
Mice), which corresponds to our S2, in Cortijo-Ferrero
et al. (2017c) shows suppressed star formation in the
disk regions, just like our galaxies at S2. The apparent
discrepancy between normal galaxies in p/m (sample in
Ellison et al. 2013, the Mice system in Cortijo-Ferrero et
al. 2017c, and galaxies in this work) and high-luminosity
mergers (the three LIRG mergers in Cortijo-Ferrero et
al. 2017c) suggests that in addition to merger stage,
other physical mechanisms, such as the gas fraction (gas
mass with respect to stellar mass), gas properties (e.g.,
dense gas fraction; dense gas mass with respect to to-
tal gas mass), orbital characteristics, and properties of
progenitors (e.g., gas rich or not), also play a role in
triggering star formation (e.g., Di Matteo et al. 2007,
2008; Cox et al. 2008; Bustamante et al. 2018).
5.3. Effect of Fiber Coverage on Interaction-triggered
Global (s)SFR
MaNGA data allow us to evaluate the potential ef-
fect of aperture size on global interaction-triggered star
formation. What is clear from our analysis is that the
magnitude of interaction-triggered star formation varies
with radius, with the largest enhancement in the cen-
tral regions. As such, the physical coverage of a fixed
angular fiber, such as used in the traditional SDSS ob-
servations, and how the aperture correction of SFR is
being made may affect the derived interaction-triggered
star formation rate (see also Ellison et al. 2013; Patton
et al. 2013; Barrera-Ballesteros et al. 2015a).
For each galaxy, we generate mock single fiber mea-
surements by summing up spaxel-wise SFR and M∗
within 0.4Re, and then calculate the ∆logsSFR(r<
0.4Re) in comparison to its control galaxies selected in
Section 3.6.1. The median ∆logsSFR(r< 0.4Re) as a
function of rp is shown in Figure 6 with a dashed line,
while the result based on total SFR (Figure 4) is overlaid
in the figure with a black solid line. It should be em-
phasized that the y-axis represents the excess in SFR for
the global measurements (solid line) and the excess in
sSFR for the central measurements (dashed line) due to
the different methods of analysis. Despite the difference,
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Figure 6. Star formation enhancement versus projected
separation. The solid and dashed lines represent median en-
hancement of global SFR and sSFR within the central 0.4Re,
respectively. The shaded area indicates the standard error
of the mean. The horizontal dashed line indicates the zero
line. Note that the y-axis of the dashed and solid lines are
different due to the different methods of analysis (see text
for details). The y-axis of the black solid line is ∆logSFR
(black axis label at the left; same as in Figure 4), while the
y-axis of the red dashed line is ∆logsSFR(r < 0.4Re) (red
axis label at the right).
the values of the global ∆logSFR in Figure 4 is approx-
imately equivalent to their excess in the global sSFR as
the stellar mass has been matched between galaxies in
p/m and controls (§3.6.1).
As expected, Figure 6 suggests that the central
star formation is more elevated than the global star
formation because centrally-concentrated star forma-
tion enhancement is common (Figure 5). Moreover,
∆logsSFR(r< 0.4Re) shows a significant excess in the
galaxies in p/m relative to their controls out to ∼ 70
kpc, while the global ∆logSFR is significantly enhanced
only when the pairs are at rp < 20 kpc. Thus, caution is
needed when quoting the degree of interaction-triggered
star formation obtained from single-fiber observations
as they tend to probe the regions with the strongest
enhancements (see also Lambas et al. 2003; Patton et
al. 2013; Ellison et al. 2013; Barrera-Ballesteros et al.
2015a).
5.4. Caveats
5.4.1. Stage Classification
Here we discuss any possible limitations and caveats
to our classification scheme. First of all, one could imag-
ine a possible bias against higher z for galaxies without
morphology distortion/asymmetries due to a sensitivity
limit. While the galaxies are far from their companions,
the presence of morphology distortion/asymmetries is
used to distinguish S1 and S3 (all of them are identi-
fied as galaxies in p/m via spectroscopic data), how-
ever, the morphology distortions/asymmetries in the
outskirts could be faint compared to the detection limits.
In other words, the visibility of these features depends
on the sensitivity. In order to evaluate the potential bias
of the visual inspection, we check the z distributions of
galaxies in S1 and S3. The median z of galaxies in S1
and S3 are almost identical, 0.0281 and 0.0286 respec-
tively. A Kolmogorov-Smirnov test confirms that with
a p-value of 0.24, the z distributions for S1 and S3 are
statistically the same. Accordingly, we find no evidence
for a strong bias due to sensitivity for S1 and S3. More-
over, the evidences of interaction in the S4 (e.g., shell
structures at the outskirts) would be difficult to detect
as the redshift increases. Although we find no difference
in the median z of S4 (0.0296) and that of other stages,
we should keep in mind that the depth of images play a
critical role in identifying galaxies in p/m (e.g., Ellison
et al. 2019).
Secondly, it is possible that some systems would not
proceed through the assumed merger scenario, e.g., two
galaxies encounter but separate at a later time and do
not ever return (i.e., flybys) or two galaxies directly
merge during the first encounter (as seen in some sim-
ulations). Observationally, it is challenging to account
for the effects of flybys and direct mergers directly due
to the unknown orbits of two approaching galaxies.
It is interesting to note that galaxy flybys are not
rare, the galaxy-pair counts in a large-scale survey (e.g.,
SDSS) at z < 3 are contaminated by flybys at least at a
20 – 30% level, as estimated by the simulations of Sinha
& Holley-Bockelmann (2012). Galaxy flybys are capable
of causing perturbations (Weinzirl et al. 2009; Pawlowski
et al. 2011; Kim et al. 2014; Lang et al. 2014; Zana et al.
2018); therefore, effects on star formation are expected.
Flyby interactions can be present in S1 – S3 (pre-flybys,
ongoing flybys, and post-flybys, respectively). However,
even though the flybys can exert effects on galaxy evo-
lution, perhaps not all of them are able to generate the
necessary (observable) features to be identified as in S2
and S3 according to our classification scheme.
Direct mergers are observed in cosmological simula-
tions, and even occur in major mergers (Bustamante et
al. 2018). Therefore, some S2 systems, but perhaps not
many, may in fact be in their final coalescence phase and
would not experience extra apocentric passage. On the
other hand, some systems at S4 may have experienced
a direct merger without extra pericenter passages.
Finally, even though the galactic disks of our controls
are rather symmetric, we cannot fully rule out the possi-
bility that they experienced past external perturbations
such as flybys or minor mergers, which may or may not
have altered their star formation activity.
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5.4.2. Merger Configurations
Our observational data include galaxies that could
have any merger configuration. There are many fac-
tors regarding merger configurations that can affect the
magnitude of interaction-triggered star formation, such
as the properties of the companion (Hwang et al. 2010;
Xu et al. 2012; Cao et al. 2016; Silva et al. 2018), mass
ratio (Cox et al. 2008; Bustamante et al. 2018), cold
gas reservoir (Scudder et al. 2015; Violino et al. 2018;
Pan et al. 2018), and the encounter geometry of the two
interacting galaxies (Di Matteo et al. 2007, 2008). More-
over, it has been shown in many observations that while
the primary and secondary galaxies in a major merger
exhibit symmetry in their response to the tidal inter-
action, the star formation activity in the less massive
member in the minor merger suffers a more dramatic
impact than that of its companion during the interac-
tions (e.g., Woods, & Geller 2007; Silva et al. 2018). The
current sample size of MaNGA is not sufficiently large to
enable further statistical analysis of the dependence of
triggering star formation on merger configurations. The
full MaNGA sample – in which the number of galaxies
in p/m is expected to be at least doubled (similar for
the control sample) – will provide further constraints
on the evolutionary scheme of interaction-triggered star
formation and their effects on galaxy evolution.
5.4.3. Internal Structures of Disk Galaxies
Our star-forming sample shows a significant diversity
in their internal structures, such as the existence of a
bar and a varing number of spiral arms and pitch angles.
This may introduce systematic uncertainties in the ra-
dial ∆logsSFR(r) distribution if the local star formation
of galaxies is intrinsically correlated with the internal
structures (e.g., Gonza´lez Delgado et al. 2016; Hart et al.
2017a,b). For instance, we may have compared a galaxy
with actively star-forming spiral arms with a galaxy with
a relatively smooth, moderately star-forming disk. The
comparison might be reinforced by matching the control
sample in detailed morphology (e.g., T-type morphol-
ogy; Fischer et al. 2019), but this would require a signif-
icant increase in the pool of controls. Besides, the for-
mation of galactic internal structures may be closely tied
with galaxy interactions (Elmegreen et al. 2006; Lang et
al. 2014;  Lokas et al. 2016; Pettitt et al. 2017; Espada
et al. 2018).
6. SUMMARY
In this paper, we present an empirical picture of the
evolution of the star formation distribution in interact-
ing galaxies and mergers. We analyze the global and lo-
cal star formation of 205 star-forming (log(sSFR/yr−1)
> -11) galaxies in pairs/mergers observed by SDSS-IV
MaNGA. We consider an interacting galaxy to be one
which has a spectroscopic companion or has experienced
a significant tidal force, showing morphology distortion
or ongoing interaction with a companion galaxy (§3.4).
Merger stage is identified through visual examination
of each interacting galaxy selected (§2 and Figure 1),
Stage 1 (S1): before the first pericenter passage, with-
out morphology distortion, Stage 2 (S2): at the first
pericenter passage, with a close companion and tidal
bridges, Stage 3 (S3): after the the first pericenter pas-
sage, around the apocenter, and with morphological dis-
tortion, and Stage 4 (S4): in the coalescence phase. For
S4. We further classify S4 into S4(2) and S4(1) accord-
ing to the number of visible cores.
To quantify the interaction-triggered star formation
activity, we identify a pool of star-forming control galax-
ies (∼ 1350) from MaNGA (§3.5). For each galaxy,
we select control galaxies from the pool satisfying the
matching conditions in global galaxy properties. Then
the global SFR and local sSFR with respect to the con-
trols: ∆logSFR and radial ∆logsSFR(r) distribution,
are computed (§3.6). The main results are summarized
as follows.
• Using the computed values of ∆logSFR, we con-
firm previous results that, statistically, global SFR
is enhanced by a limited level during galaxy in-
teractions. Moreover, ∆logSFR increases with
decreasing nuclear separation (rp) between two
galaxies in a pair. However, we find that the trend
could be sensitive to the fraction of galaxies in dif-
ferent merger stages because rp does not vary lin-
early along the merging sequence (§4.1 and Figures
3, 4).
• While the values of global ∆logSFR for each of the
different stages are not significantly different, there
is considerable variation in the radial ∆logsSFR(r)
profiles across the merger stages. Statistically,
galaxy interactions have no impact on local star
formation during the incoming phase (S1 ). Right
after the first pericenter passage (S2 ), galaxy in-
teractions produce enhanced star formation in the
center, and suppressed star formation in the out-
skirts, resulting in a steep profile in the radial
∆logsSFR(r) distribution. After the first pericen-
ter passage (S3 ), star formation is enhanced all
the way out to the galactocentric radius we ex-
plore (1.5 Re ≈ 6.7 kpc). The radial ∆logsSFR(r)
profile at S4(2) shows no radial dependence due
to their chaotic morphologies. Finally, the high-
est, interaction-triggered star formation, in both
Spatially-resolved SFR in Interacting Galaxies 15
the global and the local sense, occurs in the S4(1),
where the nuclei of two galaxies have merged (§4.2
and Figure 5).
• Our results suggest that interaction-triggered star
formation is not restricted to the central region of
a galaxy (although the enhancement is indeed cen-
trally peaked). In addition to the well-known gas
inflow, other mechanisms, such as gas accretion
from the companions, interaction-triggered gas mi-
gration, or interaction-triggered internal structure
formation, and an increase in gas turbulence can
control the level and distribution of the star for-
mation in galaxies in pairs/mergers (§5.1).
• Our analysis clearly shows that the magnitude
of interaction-triggered star formation varies with
galactocentric radius. As such, the physical cov-
erage of a fixed angular fiber, such as the tradi-
tional SDSS observations, and how the aperture
correction of SFR is made may affect the derived
interaction-triggered star formation rate. Specifi-
cally, the degree of enhancement decreases as phys-
ical fiber coverage increases due to dilution of trig-
gered star formation by disk regions (§5.3 and Fig-
ure 6).
Our understanding of the mechanisms that trigger star
formation during galaxy interactions is far from com-
plete. In future work, we intend to investigate (1) the de-
pendence of the interaction-triggered star formation on
merger configurations (mass ratio, wet mergers and dry
mergers), (2) the interaction-triggered changes of metal-
licity of galaxies (Barrera-Ballesteros et al. in prep.), us-
ing our MaNGA data, and (3) the evolution of molecular
gas (i.e., stellar nurseries) properties along the merger
sequence, using ALMA data. The explorations of a wide
range in parameter space and interstellar medium (ISM)
properties is required to constrain the whole picture of
interaction-triggered star formation.
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